After some preliminary arguments suggesting that neutrino mixings with inverted mass pattern may be easier to understand within the framework of a local horizontal symmetry SU (2) H acting on leptons, we construct a specific model and analyze its implications and predictions. Within this class of models, there are two possible scenarios for neutrino mixings, one of which was discussed by us in a recent paper. In both cases, the smallness of ∆m 2 ⊙ /∆m 2 A is naturally obtained. In this paper, we show that for the second case, the horizontal symmetry leads to an experimentally testable relation between the neutrino parameters U e3 and the ratio of solar and atmospheric mass differ-
A is naturally obtained. In this paper, we show that for the second case, the horizontal symmetry leads to an experimentally testable relation between the neutrino parameters U e3 and the ratio of solar and atmospheric mass difference squared i.e. U 2 e3 cos2θ ⊙ = ∆m 2 ⊙ 2∆m 2
A
+ O(U 4 e3 ). Taking the solar neutrino parameters inferred from present data at 99.7% confidence level, the above relation leads to a lower bound on U e3 ≥ 0.08 and an allowed region in the U e3 and ∆m 2 ⊙ 2∆m 2 A space which can be testable in proposed long baseline experiments.
I. INTRODUCTION
As the outline of the neutrino mixings pattern is beginning to emerge from recent solar and atmospheric neutrino experiments, understanding the neutrino mass matrix has become one of the central problems in theoretical particle physics. On the phenomenological side, while the mixings responsible for both solar and atmospheric neutrino oscillations seem to be fairly large (unlike quark mixings) [1] , the pattern of masses seem to remain undetermined. Three generic patterns that can be considered as equally acceptable at present are masses (i) with normal hierarchy i.e m 1 ≪ m 2 ≪ m 3 ; (ii) inverted hierarchy i.e. m 1 ≃ −m 2 ≫ m 3 and (iii) degenerate i.e. m 1 ≃ m 2 ≃ m 3 . Once some of the contemplated long baseline neutrino experiments [2] and high precision searches for neutrinoless double beta decay [3] are carried out 1 , the true mass pattern will be revealed. From a theoretical point of view, each pattern could be an indication of a different symmetry of physics beyond the standard model. Therefore, before those experiments are carried out, it is of interest in our opinion to explore the symmetry approach to understanding neutrino masses and isolate their tests. Combination of the future experimental results and the theoretical explorations can then decide the nature of physics beyond the standard model. The key issues that need to be understood are: (i) the large atmospheric and solar mixing angles; (ii) the smallness of the ratio ∆m 2 ⊙ /∆m 2 A and (iii) the smallness of the mixing U e3 . One symmetry that predicts in zeroth order the correct mixing pattern i.e. large solar and atmospheric angles and zero U e3 is the combination of the three leptonic symmetries of the standard model i.e. L e −L µ −L τ [6, 7] ; it picks the inverted hierarchy pattern and an exact bimaximal mixing [8] . However in the symmetry limit it predicts that ∆m is not. This, therefore raises the possibility that, one may be able to understand the second puzzle in such models. In fact if one includes small breakings of the L e − L µ − L τ symmetry either radiatively [9] or otherwise, it leads to quite interesting and testable neutrino mixing patterns. Because of this a great deal of attention has recently been focussed on it [7] .
In order to have a deeper theoretical understanding of the inverted neutrino mass pattern with near bimaximal mixing or the L e − L µ − L τ symmetry, one approach would be to study it within a seesaw framework where the smallness of the neutrino masses is understood in a very simple manner [10] . It appears that the most convenient way to arrive at the inverted pattern with two large mixings in a seesaw framework is to work with two heavy right handed neutrinos rather than three as is dictated by quark lepton symmetry [11] . In a recent paper [12] , we pointed out that if the standard model is extended by the inclusion of an SU(2) H [13] symmetry acting on two lepton families, freedom from global anomalies require that there be two right handed neutrinos at the scale where SU(2) H symmetry is broken. We further showed [12] that (i) the presence of the SU(2) H symmetry also helps in the understanding of the near bimaximal mixing pattern; (ii) the smallness of ∆m 14] is associated with a symmetry related to the horizontal symmetry. Needless to say that while it may appear that theory does not have quark lepton symmetry, it could be easily restored by including the third right handed neutrino and making it heavier than the seesaw scale. In this case the low energy theory near the horizontal symmetry breaking scale looks effectively like a theory with two right handed neutrinos.
It is the purpose of this paper to analyze this class of models in more detail and point out that there is a different realization of the model where we obtain an experimentally interesting result relating the U e3 parameter to the ratio ∆m 2 ⊙ /∆m 2 A i.e. the solar to atmospheric mass difference squared ratio and solar mixing angle sinθ ⊙ as follows:
). Apart from being experimentally testble, this relation also provides a natural explanation of why the ∆m 2 ⊙ is so much smaller than ∆m 2 A . We have organized this paper as follows: in section 2, we give arguments to suggest that within a seesaw framework for neutrino masses, normal or inverted hierarchical patterns prefer that one of the right handed neutrinos is much heavir than the others. In section 3, we discuss neutrino mixings in an SU(2) H symmetry model that naturally separates the third RH neutrino from the other two. There are two distinct class of models, one of which was discussed by us recently [12] . In section 4, we discuss the second model in detail and derive a lower bound on the parameter U e3 . In section 5, we give a summary of our results and conclusions. In this section, we will argue that for the normal or inverted hierarchy case, it is quite possible that two of the right handed neutrinos are lighter than the third one. This can be seen as follows. Let us assume that the smallness of the neutrino masses owes its origin to the seesaw mechanism [10] :
Inverting this relation with the assumption that the Dirac mass matrix is diagonal, one can express M R in terms of the neutrino mixing matrix elements and the neutrino masses m i and one has:
with
Now observe that for both the normal and inverted hierarchy case, the lightest neutrino could have mass even equal to zero. Clearly as its mass gets closer to zero, the RH neutrino matrix takes the factorized form
where
) and clearly the smaller m 1 is, the heavier the heaviest right handed neutrino becomes. On the other hand the masses of the other two RH neutrinos are not free since they are linked to observed ∆m 2 ⊙ and ∆m 2 A . In this sense, we see that for both the normal and the inverted hierarchy case, it is quite likely that there is a separation of the RH neutrino levels. In fact, in the case of inverted hierarchy, the two "heavy" left handed neutrinos are nearly degenerate, the two lighter RH neutrinos are likely to be very close in mass, which then makes the case for a symmetry associated with it. In ref. [12] we argued that the relevant symmetry is SU(2) H symmetry.
As discussed in ref. [12] , if the local horizontal symmetry acts on the charged right handed leptons, then freedom from global anomalies indeed requires that there be two RH neutrinos transforming as a doublet under SU (2) H .
III. DETAILS OF THE MODEL AND MASS MATRICES FOR LEPTONS
Our model is based on the gauge group G ST D × SU(2) H with quarks transforming as SU (2) H singlets. In Table I the assignment of the rest of fermions and Higgs bosons under the gauge group G ST D × SU (2) H is given.
Table I
Particles Here ψ e,µ,τ denote the left handed lepton doublets. We arrange the Higgs potential in such a way that the SU(2) H symmetry is broken by < χ 1 >= v H1 ; < χ 2 >= v H2 and
Note that we have used the SU(2) H symmetry to align the ∆ H vev along the I H,3 direction. At the weak scale, all the neutral components of the fields Φ and φ 0 acquire nonzero vev's and break the standard model symmetry down to SU(3) c × U(1) em . We denote these vev's as follows: < φ 0 0 >= κ 0 ; < φ 0 1 >= κ 1 and < φ 0 2 >= κ 2 . Clearly κ's have values in few to 100 GeV range. As discussed in Ref. [12] , we expect a hierarchy between the two vevs κ 1 and κ 2 to be protected by a discrete Z 2 symmetry in the theory.
Note that < ∆ H > = 0 breaks the SU(2) H group down to the U(1) Le−Lµ group which is further broken down by the χ H vev. Since the renormalizable Yukawa interactions do not involve the χ H field, this symmetry (L e − L µ ) is also reflected in the right handed neutrino mass matrix.
To study the pattern of neutrino masses and mixings, let us first note that if we included ν τ R in the theory, a bare mass for the ν τ,R field is allowed at the tree level unconstrained by any symmetries. This mass can therefore be arbitrarily large and ν τ,R will decouple from the low energy spectrum. We will work in this limit of decoupled ν τ R and write down the gauge invariant Yukawa couplings involving the remaining leptonic fields.
H directly leads to the L e − L µ invariant ν eR − ν µR mass matrix at the seesaw scale. The χ H vev contributes to this mass matrix only through nonrenormalizable operators and its contributions are therefore negligible. Similarly there will also be some small contributions from the ν τ R sector if we did not decouple it completely. We ignore these small contributions in our analysis. As we will see below, this feature of the right handed neutrino sector is crucial to the light neutrino mass matrix that leads in the zeroth order to bimaximal mixing. To see this, let us write down the 5 × 5 seesaw matrix for neutrinos:
After seesaw diagonalization, it leads to the light neutrino mass matrix of the form:
. The resulting light Majorana neutrino mass matrix M ν is given by:
To get the physical neutrino mixings, we also need the charged lepton mass matrix defined byψ R M ℓ ψ L . This is given in our model by:
In order to study physical neutrino mixings, we must diagonalize the M ν and M ℓ matrices. We discuss this in the next section.
IV. TWO SCENARIOS FOR CHARGED LEPTONS
In order to discuss the physical neutrino mixings, we need to work in a basis where the charged lepton mass matrix is diagonal. There are two scenarios for matching the eigenvalues with the observd lepton masses.
(i) The first discussed in Ref. [12] is to choose κ 1 ≪ κ 2 ≃ κ 0 . In this case for muon and tau lepton masses, we get m τ ≃ h 
Defining the matrices that diagonalize the charged lepton mass matrix as
. This helps to give the final physical neutrino mixing matrix. As noted in Ref. [12] , we get
Since we need this to be much smaller than one, we must have h ′ 4 ≫ h ′ 1 to get the elctron mass of right order. All these relations involve arbitrary Yukawa couplings and therefore do not pose any problem in obtaining a realistic charged lepton spectrum. To get the electron mass however, we do need to have a precise cancellation between the two terms in the expression for m e above.
ii) The second scenerio does not require a precise cancellaton for the electron mass. We begin by observing that h ′ 2 κ 0 is an exact eigenvalue of M ℓ and can be identified with the electron mass m e . The eigenvector corresponding to the electron is (s 1 , c 1 , 0) , where
. In this case, the muon mass is given by
and the muon eigenvector
. (Note that the normalization N µ ≃ 1 + z 2 µ .) For the tau lepton, we have m τ = h ′ 3 κ 0 and the eigenvector is N −1 τ (c 1 , −s 1 , −z τ ), where z τ is defined exactly the same way as z µ . For this case, we find that
V. A RELATION BETWEEN NEUTRINO MIXINGS AND SMALLNESS OF
In order to discuss neutrino mixings in case (ii), we write down the orthogonal matrix U ν that exactly diagonalizes the M ν for κ 1 = 0. Defining two angles θ 1,2 :
the neutrino mass matrix can be written in terms of these angles as: (14) where s ′ = sinθ ′ with θ ′ given by Note that as
The final physical neutrino mixing matrix is then given by
is defined in the previous section for case (ii) . Combining this with the neutrino mixing matrix U ν , we get the final physical neutrino mixing matrix U in case (ii) to be
To see the consistency of the model, we first note that U e3 = c 2 ≤ 0.16. This implies s 2 ≃ 1 and for
To fit the atmospheric data, we then require, s β ≃ 1/ √ 2. This can be easily satisfied by requiring the Yukawa couplings to have a hierarchy h
Turning to the solar neutrino parameters, first we note that the mass difference squared is independent of the Yukawa couplings in the charged lepton sector and is given by
Recall that smallness of U e3 from reactor data [15] , we concluded that c 2 ≪ 1and hence s 2 ≃ 1. The solar mixing angle, for s 2 ≃ 1 is given by
This implies that
In the limit of s 2 ≃ 1, one can write ∆m 2 ⊙ in terms of κ i as follows:
It is then clear that if we choose κ 1,2 ≪ κ 0 along with a mild hierarchy among the Yukawa parameters h 1,0 , we can obtain the desired solar neutrino mass squared difference. This leaves the relative valus of κ 1 with respect to κ 2 unaffected. Appropriately choosing their relative values, we can get the solar mixing angle to be smaller than maximal as indicated by the central value for it.
Combining the above equations, we get for U e3 ≪ 1,
This equation is one of the major results of the paper and it is a direct consequence of the SU(2) H symmetry. It is interesting to note that the smallness of ∆m
A is related to the smallness of U e3 . Furthermore this relation, Eq. (20) provides a test of the leptonic horizontal symmetry. In Fig. 1 , we show the implications of this equation for the allowed parameter range in the case of the LMA solution to the solar neutrino problem. Inside of the quadrilateral is the allowed region for the parameters for the centarl value of the ∆m 2 A = 2.5 × 10 −3 eV 2 . Therefore, unless new solar neutrino data changes, long base line experiments such as the proposed JHF and NUMI Off-axis [16] as well as KAMLAND experiments must yield points inside this allowed region, if our idea is correct. As is clear from the Fig. 1, taking 
Thus our idea is testable in near future.
VI. COMMENTS AND OTHER TESTS OF THE MODEL
(i) A characteristic test of the inverted hierarchy models is in its prediction for neutrinoless double beta decay [17] . Generically in the exact bimaximal limit, the effective mass measured in neutrinoless double beta decay i.e. < m > ββ ≡ U (8) however differs from this limit; nonetheless, the change in mass differences and the change in the mixing angles compensate each other to give zero. Therefore in the class of models we are discussing, the neutrinoless double beta decay is a probe of the structure of the leptonic mass matrix. In our case we predict < m > ββ ≃ (cos2θ ⊙ ∆m 2 A ), which at 99.7% confidence level be as large as 0.03 eV.
(ii) Due to the presence of several Higgs doublets, there are induced flavor changing neutral current effects in the lepton sector. Let us estimate their sizes. As an example, we can take the vevs κ 1 and κ 2 in the range of 40 to 50 GeV and κ 0 ≃ 180 GeV. The electron Yukawa coupling to neutral Higgs boson is then of order 10 −5 . The µ → e-Higgs coupling is atmost of order m µ /κ 2 ≃ 2 × 10 −3 . If we now choose a typical neutral Higgs mass of about 100-300 GeV, we get for µ → 3e branching ratio about 10 −14 or so. These are accessible to the next round of experiments such as MECO or at PSI.
(iii) Since SU(2) H is being broken at a high scale, we must use the renormalization group Equations to evolve the Yukawa couplings to the SU(2) L breaking scale to see if it effects our results. For this purpose, we note that the structure of the Yukawa mass matrices in Equations (6, 8, 9) change only slightly due to the running. To see this, it is easiest to consider the case where all the three SU(2) L spin-zero doublets are light. In this case, there is a global SU(2) H that remains in the quartic terms of the low-energy lagrangian, even after the local SU(2) H is broken by the ∆ H and χ H fields and is broken softly by the mass terms induced by the VEVs of ∆ H and χ H fields. Thus the running of the Yukawa couplings that depends only on the dimensionless quartic couplings is invariant under global SU(2) H . This means that the structure of the Yukawa matrices for the charged lepton masses at the SU(2) L scale is also invariant under global SU(2) H . On the other hand, the left handed neutrinos, get mass through an effective dim 5 see-saw operator h a h b L i φ a L j φ b /M H , where φ a , a = 0, 1, 2 are the low-energy SU(2) L Higgs doublets coming from φ 0 and Φ. Once φ 0 , φ 1 and φ 2 pick up vev's κ 0 , κ 1 and κ 2 , this becomes the Neutrino Majorana mass matrix M ν . Note that even after SU(2) H symmetry breaking there is a residual U(1) L e − L µ symmtery with L e − L µ charge of 0, -1, and 1 for φ 0 , φ 1 φ 2 respectively as well as an L e , φ 1 ↔ L µ , φ 2 permutation symmetry in the above see-saw operator and hence in M ν . The quark Yukawa couplings respect this symmetry as only φ 0 couples to them. Therefore as the see-saw operator evolves under RGE from M H to M W , its texture determined by the residual symmetries does not change due to the quark Yukawa couplings or gauge couplings. Corrections may come from one-loop contributions of the charged lepton Yukawa terms. Since these Yukawa couplings (h ′ 3 for τ ) are small (m τ ≪ m t ) and corrections to h a are of order h ′ 2 3 /(16π 2 )h a ℓn(M H /M W ) and therefore negligible. Thus both U (L) ℓ and U ν do not change much due to RGE and our results hold at the SU(2) L scale as well.
VII. SUMMARY AND CONCLUSIONS
In conclusion, we have presented an extension of the standard model where a local SU(2) H symmetry acts on both on the left and right handed charged leptons. Freedom from global anomalies then requires that a doublet of right handed neutrinos be included in the theory. This model provides a very natural way to understand two crucial features of the current neutrino oscillation data i.e. near bimaximal mixing pattern and a small ∆m ⊙ . For the current fits to the latter two parameters, it predicts a lower bound on U e3 which is quite accessible to long baseline experiments currently planned. We also present the complete range of allowed values for U e3 and ∆m 
